When compared with Crawford's benchmark series detailing experience with more than 1500 patients treated from 1960 to 1991, 1 contemporary reports from centers of excellence typically detail a declining incidence of spinal cord ischemia after thoracoabdominal aneurysm (TAA) repair. [2] [3] [4] [5] [6] [7] [8] In Crawford's report, the overall rate of ischemic spinal cord complications was 16%, with half these patients sustaining devastating total paraplegia. Alternatively, recent experience, both from centers that have carried on Dr Crawford's work 4, 5 and other centers, including our own, indicates that the overall risk of cord ischemia has decreased to the 5% to 8% range. 2, 3, [6] [7] [8] These rather consistent results have been achieved with a variety of surgical and adjunctive methods designed to minimize cord ischemia, which are reviewed elsewhere. 9 Impressed with both a substantial body of experimental work [10] [11] [12] [13] [14] and the concept of regional spinal cord hypothermia, we devised a method for providing hypothermia to that region of the cord that is at risk for ischemic injury during TAA repair. 15 The initial experience with this technique in our first 70 patients indicated a highly significant reduction in spinal cord ischemia complications when compared with institutional historical control subjects. 16 However, that report contained a modest (35 patients) experience in those patients with type I/II TAAs (ie, those at the highest risk for spinal cord ischemia). In the present study, the results achieved with epidural cooling (EC) in 170 patients over a 5-year period are reviewed.
PATIENTS AND METHODS
From July 1993 to December 1998, 170 patients with descending thoracic aneurysms or TAAs were treated (by six participating surgeons) with the adjunctive use of intraoperative EC. This represented 77% of all patients undergoing resection of such lesions on the Vascular Surgery Service during this interval. Patients who were not treated with EC were typically those patients with type IV TAAs, because of their perceived low risk for cord ischemia (unless specifically requested by surgeon), or patients in whom certain logistic considerations (eg, active infection, rupture with hemodynamic instability) precluded epidural/spinal catheter placement. The EC was successful (cerebrospinal fluid [CSF] temperature at or near the target range of 26°C) in 97% of patients in whom it was attempted, with all patients included in an intention-to-treat analysis.
Aneurysms were classified as to extent by means of the scheme devised by Crawford. In types I and II TAAs, the entire descending aorta was resected with a cross-clamp immediately proximal or distal to the left subclavian artery. Type III TAA resection encompassed at least the lower third of the descending aorta. Crawford extent was defined by means of the replacement at our operation; for example, a patient with a prior infrarenal graft requiring resection of the descending aorta and upper abdominal aorta to the earlier graft was classified as extent I, rather than extent II. Clinical and demographic data for the study group are detailed in Table I . Note that seven patients with type IV TAAs were included after a specific surgeon's request, because of their perceived increased risk based on individual patient considerations (typically multiple visualized intercostal vessels to be encompassed in the resection, or an earlier proximal aortic graft). An emergent operation was defined as either a rupture or presentation with acute back/abdominal pain that necessitated observation in the intensive care unit (ICU), with arterial catheter pressure monitoring and operation within 48 hours of admission.
Surgery was performed in most patients with a clamp/sew technique, usually without the administration of systemic heparin. In four patients (surgeon's preference), atriofemoral bypass with sequential clamping and distal aortic perfusion was used. Perfusion of the renal arteries with a solution of iced (4°C) Ringer's lactate with methylprednisolone (1 gm/L) and mannitol (26 gm/L) was performed in cases in which the renal artery orifices were accessible. Since July 1996, in-line mesenteric shunting was used in type I/II TAAs after completion of the proximal aortic anastomosis. 17 Mannitol and furosemide were administered before aortic cross-clamping. Other adjuncts specific to spinal cord protection included a selective approach to intercostal vessel reconstruction and continuous monitoring of CSF pressure for 24 to 48 hours after operation. CSF was withdrawn on an as-needed basis to maintain a CSF pressure of less than 12 mm Hg. Although the posture toward intercostal reconstruction varied among individual surgeons, patent intercostal vessels in the T 8 to L 1 region were reimplanted by means of a separate inclusion button or were preserved at anastomotic regions when technically feasible. With satisfactory EC, intercostal reconstruction was sometimes deferred until completion of the visceral vessel reconstructions. Left renal artery reconstruction was typically accomplished with a side-arm graft.
Operative death was defined as any death within 60 days of surgery or any death that occurred while the patient was hospitalized. Spinal cord ischemic complications were classified as immediate, when deficits were noted when the patient awoke from anesthesia, or as delayed, when patients were initially neurologically intact. All patients were awakened in the operating room when their endotracheal tubes were exchanged for single lumen tubes for an initial neurologic evaluation of the lower extremities. Major cardiac complications included cardiac death, myocardial infarction, and arrhythmia requiring intravenous therapy or transfer back to the ICU. Major pulmonary complications included mechanical ventilation for more than 72 hours postoperatively, reintubation or transfer back to the ICU for respiratory failure, documented pneumonia, or the need for tracheostomy. Clinically significant renal failure consisted of (1) the need for dialysis; (2) postoperative creatinine levels of 3.0 mg/dL or more (in patients with normal baseline creatinine levels); or (3) the doubling of baseline creatinine levels for those patients with baseline creatinine levels of 1.8 mg/dL or more.
Anesthesia management was supervised in all cases by a dedicated vascular anesthesia team (J. K. D., C. C.). The specifics of the epidural infusion system have been described in earlier publications 15 and did not change in the study interval. A standard 4F 40-cm epidural catheter for administration of local anesthesia and infusion of iced (4°C) normal saline was inserted at the T 10 to T 12 level and advanced cephalad 4 to 5 cm. A second 4F thermistor catheter was placed 4 cm into the subarachnoid space at the L 3-4 interspace, permitting continuous recording of CSF temperature and pressure. An arbitrary 30 to 40 mm Hg gradient was maintained between the mean arterial and CSF pressures, particularly during the early stages of the infusion, to safeguard against the potential deleterious effects of CSF pressure elevation that occurs coincident with the epidural infusion. The EC infusion was begun well in anticipation of aortic cross-clamp application (mean time, 94 ± 47.5 minutes; range, 17 to 248 minutes), because experience has indicated this interval is necessary to achieve target CSF temperatures. Proximal hypertension was controlled during cross-clamp application with Na nitroprusside.
Intraoperative details referable to EC data were retrieved from original strip chart recordings; clinical and operative details (eg, management of intercostal vessels) were obtained from hospital and operative records or, for most patients (75%), from a prospectively maintained database.
Statistical analyses were performed by using a commercial software package (Statistical Analysis System, SAS Institute, Cary, NC) on a UNIX workstation (Sun Microsystems, Mountain View, Calif). Fisher exact tests (for categorical variables) and twosample tests (for continuous variables) were first used as a means of testing the association among a variety of clinical variables and the end points of spinal cord ischemic injury and operative mortality univariately. Logistic regression models were used as a means of examining the effects of these parameters on outcomes simultaneously. The statistical significance level was set at a P value of .05.
RESULTS
Intraoperative data. The EC was successful in achieving the target range (25 to 28°C) CSF temperatures before cross-clamp application in 166 of 170 patients. The infusions were discontinued in three patients because of unacceptably high CSF pressures (inability to perform EC infusion without exceeding mean arterial pressure/CSF pressure gradients; see the Methods section) coincident with the infusions, and a fourth patient's CSF temperature could not be lowered below 31°C. None of these patients sustained deficits. The data for core and CSF temperature and CSF pressure during the course of operation are displayed in Table II . There were no differences in any of these parameters among patients with different aneurysm extents. The only significant difference in EC parameters among different aneurysm extents was the total duration of the EC, which varied as a function of the Table III . In general, intercostal vessels in the T 4 to T 8 zone are oversewn, unless they are situated so as to be easily preserved in a beveled proximal aortic anastomosis. Data are displayed by means of aneurysm type and for patients with and patients without spinal cord ischemic complications. Note that both reconstructed and oversewn vessels are displayed in Table III , and these two categories are not mutually exclusive (ie, some vessels may have been preserved and others oversewn in any individual patient). The technique of intercostal reconstruction varied with aneurysm extent; for example, patients with type III TAAs typically had vessels in the T 8 to T 10 region preserved in a beveled proximal aortic anastomosis, whereas patients with type I/II TAAs more often had separate inclusion button anastomoses of these vessels. Among patients with type I/II TAAs, 61% had reconstruction or preservation of patent intercostal vessels. However, 31% of these patients had sacrifice of at least some patent vessels in the T 9 to L 2 region.
Operative results.The operative mortality rate was 16 of 170 patients or 9.5%. Causes of death were perioperative hemorrhage (2 patients), multiple organ failure (5 patients), mesenteric ischemia (3 patients), respiratory failure (3 patients), cardiac related (1 patient), and proximal aortic rupture (2 patients, 1 ruptured aneurysm and 1 clamp site rupture). Major postoperative complications are summarized in Table IV . Among a variety of preoperative variables (age, diabetes mellitus, renal insufficiency, aneurysm extent, clinical presentation, aneurysm pathology, earlier aortic graft), intraoperative variables (operative and cross-clamp times, blood turnover), and postoperative variables (complications) examined for association with operative mortality, only the presence of postoperative spinal cord ischemic complications (P = .073), major cardiac complications (P = .0004), and renal failure (P < .001) correlate with operative mortality after univariate analysis. Postoperative cardiac complications (OR, 35.3; 95% CI, 5.3 to 233; P < .001) and renal failure (OR, 32.2; 95% CI, 6.6 to 157.2; P < .001) were the independent correlates of operative mortality.
Spinal cord ischemic complications. Paraplegia or paraparesis of any severity occurred in 12 of 170 patients or 7%. Deficits clustered among those patients with extent I/II TAAs, with 10 of 83 patients (12%) with such aneurysms sustaining deficits. With a published predictive model 18 for spinal cord injury after TAA resection, the predicted incidence for paraplegia/paraparesis for the present patient cohort is 18.5%. The observed incidence of 7% is significantly (P = .003) less than that predicted. Details of patients who sustained spinal cord complications are presented in 
DISCUSSION
Strategies to minimize spinal cord ischemia during TAA repair can be broadly divided into surgical or adjunctive measures to maintain cord blood supply and neuroprotective adjuncts intended to increase the ischemic tolerance of the cord. In the former category, distal aortic perfusion, intercostal vessel reconstruction, and CSF drainage are widely applied. Neuroprotective strategies applied clinically include variations of hypothermia and endorphinreceptor blockage. 18 The provision of regional hypothermia to the cord with EC has been an important component in our overall operative approach to TAA repair, which has continued to emphasize operative expediency and simplicity, without circulatory assist devices, maintenance of systemic normothermia, 19 cold perfusion for renal protection, 20 and in-line mesenteric shunting to minimize visceral ischemia. 17 Thus, our clamp/sew technique, with adjuncts directed against the major complications of operation, achieves all the goals of left-heart bypass/distal perfusion, and the comparative results achieved with these techniques have been reviewed in previous publications. 2, 9 We prefer the neuroprotective effect of moderate hypothermia because, irrespective of overall operative technique, some obligatory ischemic interval of the critical intercostal segment (T 9 to L 1 ) 21 accompanies the resection of types I and II and many type III TAAs. Unfortunately, the time threshold for ischemia progressing to injury is unknown. The generally accepted correlation of increasing cross-clamp time and cord injury 1, 4, 8, 16, 22 supports the intuitively logical supposition that duration of ischemia is critical. The lower limits of this time threshold are unknown, but may be narrow in some patients. Grabitz et al, 6 in a study with evoked potential monitoring, reported that permanent cord injury resulted when potentials, which obliterated with cross-clamping, could not be restored within 20 minutes. This supports our con- tention that neuroprotective maneuvers during the cross-clamp interval are an important component in preventing cord injury. Although this experience has apparently documented adequate cord protection from intraoperative ischemia with regional hypothermia, our findings also illustrate the necessity of perioperative vigilance, because most deficits occurred in a delayed fashion. The pathogenesis of delayed deficit is debated. Safi et al 23 and others have presented circumstantial evidence that postoperative spinal cord swelling and its potential control with CSF drainage are important in the genesis and prevention of delayed deficit. 24 Other authors have argued that the clinical observation of delayed deficit represents the evolution of neuronal changes resulting ultimately from the intraoperative ischemic insult. 25 Many authors have observed that delayed deficit is often temporally associated with postoperative hypotension, which is consistent with our previous observations 16 and is illustrated dramatically in two patients (patients 3 and 4; Table V) in the present series. We have observed such hypotensive episodes, particularly during hemodialysis, to precipitate paraplegia even weeks after clearly normal postoperative lower-extremity neurologic function. It is clear that scrupulous attention to and vigorous treatment of perioperative hypotension from any cause are important components in preventing delayed deficit. Jacobs et al 26 have recommended maintaining postoperative blood pressures at levels determined by means of intraoperative perfusion pressures demonstrated to reverse changes in motor-evoked potentials. With the same rationale of maintaining optimum cord perfusion pressures, many authors use intraoperative and perioperative CSF drainage for cord protection with a variety of operative strategies. Although this is supported by experimental 27 and uncontrolled clinical observations, 3, 5, 23 earlier studies that specifically isolated this modality failed to demonstrate the benefit of it. 28, 29 However, Coselli et al 30 recently reported a well-conducted, randomized prospective study demonstrating a significant beneficial effect for CSF drainage. Although most patients in the present series had perioperative monitoring of CSF pressures, CSF drainage was used episodically and only when CSF pressures greater than 12 mm Hg were recorded. Our current practice is to begin continuous passive CSF drainage immediately after discontinuation of the EC infusion and to continue it for 48 to 72 hours postoperatively. Previously, we emphasized that intraoperative elevation of CSF pressure coincident with the EC infusion presents the principal technical limitation to the EC technique. One patient early in our experience (patient 2; Table V) had very high CSF pressures and awoke with a proximal central cord syndrome. We cannot exclude a similar phenomenon in a second patient (patient 6; Table V ). As noted in Table  II , CSF pressures with EC are approximately two times the baseline values after target temperatures are achieved at cross-clamping. Our experience indicates that CSF pressures in this range are innocuous, at least with coincident cord cooling; however, the cooling effect is indeed regional and directed toward the region of the thoracolumbar cord that is at risk for ischemic injury. Accordingly, careful attention to the balance between systemic arterial and CSF pressures (see the Methods section) are mandatory, and the mechanics of managing CSF pressures have been detailed. 16 Similar to the experience of other authors 3,31 and our previous experience, 2 operations that were carried out in nonelective circumstances (with or without frank rupture) were accompanied by an increased risk of cord injury. The mechanism of this effect is unknown and is not (at least in this series) related to preoperative hemodynamic instability. Furthermore, in addition to postoperative hypotension, delayed deficits often occurred in the setting of other major postoperative complications, such as renal failure and systemic sepsis. Only two patients in this series had deficits (both minor), without the associated issues of either acute presentation or major postoperative complications.
Findings in our study about the importance of intercostal vessel reconstruction are consistent with those of other contemporary series in which operative management of intercostal vessels is detailed. Svensson et al 32 reported the first such study, and although paraplegia rates were highest among those patients with critical intercostal zone intercostal vessel sacrifice, the reconstruction of these vessels without other adjuncts was still accompanied by unacceptable rates of cord injury. More recently, multiple authors, in particular those using evoked potential monitoring to guide segmental vessel reconstruction, have demonstrated the favorable impact of intercostal reconstruction. 6, 26, 33, 34 The present report provides perhaps unintentional verification of the importance of intercostal reconstruction, because the participating surgeons did not necessarily adhere to the aggressive posture of intercostal preservation favored by the senior author (R. P. C.). In patients with extent I/II TAAs, our data indicate a substantial negative effect of critical zone intercostal sacrifice, with these patients having an eightfold increased risk of neurologic deficit. Traditionally, surgeons were faced with the dilemma of expending precious cross-clamp time to perform intercostal reconstruction before visceral/renal vessel anastomosis. Because the neuroprotective effect of cord cooling is present in our system, we frequently occlude critical intercostal ostia with balloon catheters and defer their reconstruction until after visceral/renal vessel reconstruction is completed. We also agree with Jacobs et al 26 that intercostal vessel ostia surrounded by calcific or mushy plaque are best prepared for reconstruction with local endarterectomy, after which a suitable anastomosis can be completed.
The overall results in the present series for operative mortality and spinal cord ischemia are remarkably similar to other contemporary reports, 3, 8, 30, 33, 34 despite a wide range of operative strategies and adjuncts directed against spinal cord ischemia. This institutional, multisurgeon experience can perhaps not be expected to equate with overall results from single-surgeon series. The favorable impact of EC on spinal cord ischemic complications at our institution has been evident in both an overall decrease in lowerextremity neurologic deficits 16 and a shift in the pattern and severity of these deficits. Although EC unfortunately does not eliminate the complication, the clinical impact of cord ischemia has decreased, with devastating flaccid paraplegia occurring in only 2% of patients. The impact of neurologic deficits on early postoperative mortality has decreased with time 2 ; acceptable long-term functional results were noted in seven of 12 patients who sustained postoperative deficits. Other authors have noted the favorable impact of adjuncts on the clinical severity of spinal cord ischemic complications. 8 This experience emphasizes the importance of a multifaceted strategy to prevent spinal cord ischemia. Specifically, such an approach should include neuroprotection during cross-clamping (achieved with EC in our system), avoiding sacrifice of potential cord blood supply (intercostal preservation), and adjuncts (eg, CSF drainage) to minimize the delayed impact of transient intraoperative spinal cord ischemia.
